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Abstract
Phosphorus is an essential nutrient for plant growth but is limiting in many cropping systems. It is absorbed by plants roots as inorganic phosphate (Pi) . Fertilisers used to alleviate Pi deficiency are costly and environmentally unfriendly. It is paramount to have plant genotypes that utilize less Pi to produce an equal amount of biomass. Here I report a QTL analysis to unravel the genetic basis of Phosphate Utilization Efficiency (PUtE) in Arabidopsis thaliana using linkage mapping and subsequent collocation with previous genome-wide association studies (GWAS). A Shahdara x Columbia core set population of 164 F 10 lines was grown on optima and sub-optimal Pi. The phenotyped traits were shoot fresh and dry weight, Pi concentration and content, PUtE, sulphate and oxalate concentration. Several QTLs that suggest direct involvement in PUtE were mapped for shoot fresh weight and Pi concentration mainly on chromosomes 1, 2, 3 and 5. Candidate genes from a previous GWAS study (IPS1, Pht1; 4, ARF19, MYB111, SULTR2; 1 and RHD6) were analysed for gene expression using accessions of contrasting phenotypes, Col-0 and Sha harvested at different time points. IPS1 and Pht1;4 were up-regulated under sub-optimal Pi supply. SULTR2;1 was down regulated and Sha showed higher ARF19 expression than Col-0. viii
INTRODUCTION Phosphorus, a major nutrient in plant growth
Phosphorus (P) is one of the most important mineral nutrients required for plant growth and development (Jain et al. 2007) . It plays an important role in essential molecules such as nucleic acids, adenosine triphosphate (ATP) and phospholipids. It is therefore involved in an array of metabolic processes including energy metabolism, photosynthesis, membrane synthesis and stability, glycolysis, nucleic acid synthesis, redox reactions, respiration, nitrogen (N) fixation and enzyme activation and inactivation (Vance et al. 2002) . Although most soils have large reserves of P, little is available for absorption by plants. P is absorbed by plants roots as inorganic phosphate (Pi) dissolved in solution mainly as phosphate ions (HPO 4 -2 and H 2 PO 4 -) (Jain et al. 2007) . Organic forms are unavailable to plants and have to be hydrolysed to release Pi. Furthermore it is one of the slowly diffusing nutrients in soil solutions, thus creating a zone of depletion around the rhizosphere. It was also discovered that poor Pi availability is further aggravated as Pi gets fixed by Ca in calcareous soils and by Fe and Al in acid soils, which reduces solubility and availability to plants (Jain et al. 2007 ).
P-deficiency alleviation in cropping systems
Pi deficiency in many cropping systems is alleviated by fertilizer applications. However this approach is financially costly and not sustainable as it estimated to deplete the easily mined P rock by 2060 (Zhang et al. 2009 ). Excessive fertilizer application can result in leaching of Pi into deeper soil zones and eventually reach the water table, which subsequently results in water pollution and eutrophication (Alva et al. 1999) . Eutrophication reduces oxygen in aquatic ecosystems and may have huge adverse effects on aquatic life. Pi fertilizer application alone is inefficient because up to 80% of the applied Pi fertilizer can be immobilized into forms other than orthophosphate (monophosphate) before plant uptake (Ma et al. 2011) and only 15-20% of the fertilizer available to plants is assimilated, the rest remains in the soil (Syers et al. 2008) . All these constraints, elucidate that Pi fertilizer application alone cannot fully alleviate Pi unavailability and more so is environmentally unfriendly. This has led to a search for more environmentally friendly and economically feasible strategies to improve crop production in low phosphorus soils (Narang et al. 2000) . P is a non-renewable resource thus should be used sustainably. Therefore the development or availability of P-efficient genotypes in all plants is inevitable. This strategy sounds ideal as the plants could efficiently use Pi that is already present in the soil.
Plant response mechanisms to P-stress
Plants adapt to low Pi conditions by morphological and metabolic changes that include increased lateral roots, reduction in primary root length, increased root to shoot ratio, secretion of phosphatases, exudation of organic acids and enhanced expression of Pi transporters (Vance et al. 2002) . Most of these changes are controlled by many genes, each contributing either in small or large effect towards overall Pi homeostasis. The regions along the genome that contain such genes are known as quantitative trait loci (QTLs). QTL mapping studies done on phosphate stress response in A. thaliana focused on changes in root architecture (Svistoonoff et al. 2007; Vance et al. 2002; Reymond et al. 2006; Rouached et al. 2010; Pérez-Torres et al. 2008; Jiang et al. 2007) , where in most cases plants were completely deprived (starved) of Pi at a certain developmental stage. Moreover most of the previous research work was only centered on Pi acquisition or phosphate acquisition efficiency (PAE) (Narang et al. 2000; Rose & Wissuwa 2012; Vance et al. 2002) . PAE is given as the amount of Pi in the plant per unit of Pi supplied. Phosphate utilization efficiency (PUtE) is defined as the amount of biomass produced per unit of Pi acquired (Wang et al. 2010) . Hence PAE cannot represents how efficiently plants utilize the acquired Pi.
Comparative studies of PUtE have often suffered from confusion of variation in P-acquisition efficiency (Veneklaas et al. 2012) . Genotypes with high PAE are not necessarily P-efficient because very high concentrations of Pi in the cytosol may become toxic to plants when they cannot tolerate it. Research focus on PUtE can be useful since PUtE complements PAE in increasing the overall phosphorus use efficiency (PUE) in plants. Thus PUE is comprised of two components: PAE and PUtE. Aiming at increasing Pi uptake alone will benefit yields in some cases but also increases the total amount of Pi exported from the soils (Veneklaas et al. 2012 ). Ideally, plants should produces high amount of biomass per unit Pi taken up or acquired. Here I focus on PUtE and the study is based on mild Pi stress, rather than complete Pi starvation. This is because in most cases crop plants are grown under limiting Pi conditions but are rarely completely starved. Therefore mild Pi stress conditions seem to be a better representation of low Pi conditions in nature, as such will be mimicking field conditions.
Arabidopsis as a model plant species
A. thaliana is favored for many studies on plant response to Pi stress because of its short life cycle, naturally occurring genotypic variations and the availability of its complete genome sequence (Koornneef et al. 2011 ). The species can be self-fertilized and does not suffer from inbreeding depression and hence recombinant inbred lines (RILs) for QTL mapping can be obtained relatively easy (Alonso-Blanco et al. 2000) . Most Brassicaceae including Arabidopsis, do not form symbiosis with mycorrhizal fungi which increase the surface area of Pi absorption. These species have to develop other mechanisms to acquire Pi on their own. Hence suitable for PUE studies.
Linkage mapping versus Genome-wide association mapping (GWAS)
Linkage mapping (also QTL mapping) and genome-wide association mapping (GWAS) are the most commonly used strategies to dissect the genetic basis of polygenic traits (Kloth et al. 2012) . For QTL mapping, a RIL population is developed by crossing accessions of contrasting phenotypes and repeated selfing of progeny to attain homozygosity. Recombination between genetic markers is the key to success since the linkage map is constructed from recombination frequencies. Although this tool has been used for decades, it has limited resolution because of limited recombination events that can be studied (Kloth et al. 2012) . However its advantages include relatively small population size requirement, low number of genetic markers and absence of population structure effects (Kloth et al. 2012) . A Hapmap population that consists of numerous genetically diverse accessions collected from different habitats around the world is used for GWAS. GWAS uses linkage disequilibrium to measure the association of genetic markers with the trait in question. This tool has recently gained preference to linkage mapping since mapping resolution is often increased by the ability to analyse recombination events that have accumulated over thousands of years, thus fine mapping made possible (Kloth et al. 2012) . However GWAS often requires a large population size and has population structure effects. Because of these contrasting attributes, QTL mapping and GWAS are in principle complementary tools rather than substitutes. Furthermore, the combination of these mapping tools allows the identification of true positives, false positives and false negatives (Bergelson and Roux, 2010) .
Genes responsive to P-deficiency
There are several genes that were reported to play a role in plant response to early, mid and long-term Pi deficiency as reported by Misson et al. 2005; Morcuende et al. 2007) . Some of these genes are INDUCED BY PHOSPHATE STARVATION 1 (IPS1) and PHOSPHATE TRANSPORTER 1;4 (Pht1;4), PHOSPHATE TRANSPORTER 3;2 (Pht3;2), RIBONUCLEASE 1 (RNS1). IPS1 is induced by phosphate starvation and is expressed in both roots and shoots (Martin et al. 2000) . Pht1;4 and Pht3;2 are phosphate transporters, with Pht1,4 involved in Pi acquisition (Shin et al. 2004 ) and Pht3;2 encoding ATP/ADP antiporter (Misson et al 2005) . RNS1, a regulator of RNA metabolism, is actively involved in anthocyanin biosynthetic pathway as a response to Pi limitation (Bariola et al. 1994) . PHO1 and PHO2 also have been reported to play an important role in Pi homeostasis. PHO1 is involved in loading and transfer of Pi from roots to shoots (Morcuende et al. 2006; Secco et al. 2010) . The gene is known to encode a transporter that channels Pi ions, along an electrochemical gradient, from the root stellar cells to the xylem (Hamburger et al. 2002) . A mutant of PHO1, pho1-2 exhibits severe phosphorus deficiency in leaves, producing dark green leaves with purple petioles (Poirier et al, 1991; Hamburger et al. 2002) . PHO2 encodes ubiquitin-conjugase, an enzyme that conjugates ubiquitin and unneeded proteins in the endomembrane (Lui et al. 2012) . Ubiquitin labelled proteins are directed to the proteasome where they are degraded. Hence PHO2 plays a role in maintaining Pi homeostasis in Arabidopsis. The pho2-1 mutant is defective in this PHO2 regulation, and has been found to express PHO1 to high levels, with unlimited loading of Pi into plant tissues up to toxic levels (Lui et al. 2012) .
Moreira (unpublished data) previously identified several genes that seem to be involved in phosphorus utilisation efficiency using genome wide association mapping. (Okushima et al. 2007) . MYB111 regulates the production of flavonol glycosides, that have an anti-oxidative activity when plants are under stress (Stracke et al. 2010) . RHD6 regulates transcription of genes encoding root hair development (Singh et al. 2008) . SULTR2;1, a sulphate transporter, has been shown to be up-regulated under Pi deprivation (Misson et al. 2005) , suggesting sulphate use to cushion anion/cation balance when Pi is limiting.
Study objectives
• To map QTLs for PUtE in Arabidopsis by linkage mapping so as to identify genomic regions that are responsible for the variation of this trait. This can help breeders to efficiently select for P-efficient genotypes.
• To perform a collocation analysis by comparing Moreira' s GWAS results and my results from linkage mapping to confirm true positives.
• To check the expression of IPS1, Pht1;4, ARF19, SULTR2;1, MYB111, and RHD6 (as PUtE candidates) in response to sub-optimal Pi.
MATERIALS AND METHODS
RIL Population
Plant material
A Sha x Col-0 core set population of 164 F 10 lines selected as an optimal set for QTL mapping experiments was used for this analysis. The RILs are derived from a cross between two contrasting lines for PUE, Colombia (Col-0) and Shahdara (Sha). Narang et al. 2000 reported Col-0 as poor in PAE, a component of PUE. Shahdara is highly P-efficient (Reymond et al. 2006) . The Sha x Col-0 RIL population has been developed at INRA, Versailles (France) and has been used widely in research on abiotic stress. More information about this population can be found at the Arabidopsis thaliana Resource Centre in Versailles (http://dbsgap.versailles.inra.fr/vnat/Documentation/13/DOC.html).
Plant growth
Seeds were sown on rock wool blocks. Two seeds were sown per block and thinned few days after emergence to allow only one plant to grow. The population was grown under optimal and sub-optimal Pi concentrations of 1.2 mM KH 2 PO 4 and 100 µM KH 2 PO 4 , respectively. Seeds were subjected to cold treatment, a process known as stratification to break dormancy and enable uniform seed germination. The seeds in Petri dishes containing watersoaked filter paper were put in cold room at 4 o C for 3 days. The stratified seeds were sown in a climate cell with temperatures of 21 o C, 70% humidity, day length of about 10 hours and 200 µmoles/m 2 /s of light intensity. Hyponex nutrient solution was used (see Appendix I for composition) and refreshed after 14 days after plant emergence. Irrigation was done automatically and uniformly every second day by an ebb-and-flood system. General monitoring on the phenotypic changes on plants was done during growth and development. Harvesting was done at five weeks after sowing.
Shoot Fresh and Dry weight
Immediately after cutting the above ground parts, shoot fresh weight (SFW) was measured using a sensitive balance. The leaf rosettes were put each in envelopes and cast into liquid nitrogen for short-term preservation during harvesting. The plant material was stored at -80 o C for long term storage. The shoots were freeze-dried for 60 hours at a temperature of -40 o C, at a pressure of about 60 kPa and shoot dry weight (SDW) was determined.
Determining phosphate concentration
Shoot Pi concentration (PCONC) and organic acids such as malate, oxalate, nitrate, phytate, sulphate and citrate were determined simultaneously by a Dionex® High-Performance Anion-Exchange Chromatography (HPAE). The main purpose of freeze-drying plant material was to preserve the integrity of the phosphate anions. Leaf material weighing between 6 to 9 milligrams was ground to almost fine powder in eppendorf tubes and boiled at 100 o C for 15 minutes, with 1 ml of 0.5 N HCl containing 50 mg/l t-aconitate. The samples were centrifuged at maximum speed for 4 minutes and 200 µl of the supernatant from each sample was transferred into 300 µl glass vials and analysed with HPAE. Deionised autoclaved water was used as negative control and 50 mg/l t-aconitate solution as positive control.
Calculating P-content and PUtE
Shoot phosphate content (PCONT) was calculated by the formulae (SDW x Pi concentration) and PUtE was calculated as SDW produced per unit phosphate used or acquired. Hence PUtE equals SDW divided by Pi content in the shoots. As Pi content is equal to Pi concentration x SDW, the final formula which I used was: PUtE = 1/Pi concentration (Good et al. 2007; Zhang et al. 2009 ). The SPSS statistical package was used for analysis of variance within the RIL population and descriptive statistics for all the phenotypic traits.
QTL mapping and Collocation
QTL analysis was done using MapQTL 6 software by interval mapping (IM) and multiple QTL mapping (MQM). A Sha x Col-0 linkage map, spanning all the five Arabidopsis chromosomes, and a total of 86 markers were used for QTL mapping. A LOD score threshold of 2.5 was determined (α = 0.05) by performing a permutation test, to identify significant QTLs associated with the trait being analyzed. Collocation was achieved by firstly performing a GWAS, using HapMap phenotypic data previously collected, and finally compare regions that assumed presence of segregating QTLs . Figure 1 is an illustration of the QTL mapping and collocation procedures followed in this study. 
Plant material
Sixteen contrasting lines were grown for gene expression analysis. These lines had been used in a preceding GWAS study for PUtE in Arabidopsis (Moreira, unpublished data). Five were found to be highly P-efficient (high biomass yielders per unit of Pi): Br-0, Hi-0, Bla-1, Sq-8, Kelsterbach-4, four moderately P-efficient: Gie-0, Utrecht, Gel-1, Ga-0, and five to be low: Bur-0, Gr-1, Tha-1, Wei-0, Ca-0. Col-0, Sha and two mutant lines (pho1-2 and pho2-1) were also included for this purpose.
Harvesting samples for RNA extraction
Samples were harvested at three different time-points, signifying different Pi stress terms: 14 (short), 21 (medium) and 28 (long) days after sowing (DAS). This was done to check the changes of gene expression levels. However pho2-1 mutant did not germinate at all and was omitted for the rest of the analysis. Col-0 and Sha did not germinate in all replications and were only harvested at 21 and 28 DAS. Few plants of pho1-2 mutant germinated but had severe stunted growth and therefore samples were only taken at 28 DAS, but plants were still very small. Plants were cut, put in envelopes and immediately cast into liquid nitrogen.
Samples were stored at -80 o C.
RNA extraction and purification
RNA was extracted only from the above ground parts. Frozen plant material was transferred from envelopes to 2 ml eppendorf tubes and ground on a tissue lysing machine with the aid of 2 mm sterile glass beads. The Qiagen RNeasy Plant Mini Kit extraction protocol was used (see Appendix I). In summary, a maximum of 100 mg ground tissue was lysed in 450 µl Buffer RLT by vortexing vigorously followed by incubating at 56 o C for 3 minutes in a thermal mixer. The lysate was transferred to a Qiashredder spin column and centrifuged for 2 minutes at maximum speed. The lysate was separated from the plant debris and transferred to an RNeasy spin column (Qiagen). After several purification steps (see Appendix I), the RNA was further purified by on-column DNase digestion, and washed using Qiagen buffer RW1 and RPE. The RNA was finally eluted from the RNeasy spin column using 40 µl of RNase-free water. 1 µl of each sample was used to check the RNA quality using Nanodrop ® ND-1000 spectrophotometer. 2 µl of RNA was used for confirming RNA quality on 1.2% agarose gel electrophoresis. Overally the quality ranged from about 10 ng/ µl to over 1000 ng/ µl. I proceeded with samples that confirmed good quality on agarose gel electrophoresis. Unfortunately the pho1-2 mutant did not yield good quality RNA because the plants were very small. 
Gene Primers
Gene oligonucleotides (primers) were ordered from Bio Rad, and Table 1 shows a brief description of loci of genes, primers and the duration of Pi stress under which they are usually expressed. The primer sequences were not designed but taken from literature (Czechowski et al. 2004; Misson et al. 2005; Kawashima et al. 2011 ). Each primer was tested for efficiency before use using a cDNA supermix prepared by pooling 5 µl cDNA from each sample (Ahmed, unpublished data). 5 µl of the pooled cDNA was diluted with nuclease free water four times as follows: 10, 100, 1000 and 10000 times. Each dilution had four technical replications. 
TTTCCGGTCACACCGCTACTCA TTCTCACACGGGAGAGAGCACTCA -AT5G10180 SULTR2;1 CAGAGAGTTTTGAATCTCTCTCACATC CCATCTGGATCATGTGTGTTG -*Key: S, M & L means short, medium and long-term Pi stress respectively.
Real-time qPCR
For real-time qPCR, I used iQ™ SYBR® Green Supermix (Bio Rad), which contains SYBR Green I dye, iTaq DNA polymerase, reaction buffer and dNTPs. The CFX_2stepAmp+Melt reaction protocol which amplifies the target and produces a melting curve was used and is outlined below. The total reaction volume was 20 µl with 3 µl cDNA, 10 µl SYBR Green dye, 1 µl primer: forward and reverse(0.5 µl each) and 6 µl of nuclease free water. The reaction protocol is as follows: The reactions were performed in quadruplicate in 96-well white PCR plates using CFX96 thermal cycler (Bio-Rad). At least two biological replications for most of the sample were used. Quantification of gene expression was performed by the Cq method (also Ct), which uses the threshold cycle to quantify gene expression. In fact, I used the comparative Cq method which is also known as the 2 -∆∆Cq (Schmittgen and Livak, 2008) . Following this protocol, I normalised the target gene expression with the housekeeping gene; UBIQUITIN 10 (UBQ10). Further normalisation was done using a calibrator sample and is elaborated as:
The calibrator sample was Col grown on normal Pi harvested at 21 days after sowing (DAS).
The ∆∆Cq values were used to calculate the normalised expression ratios using formula: 2 -∆∆Cq . Normalisation was done to correct for the differences in the initial amount of cDNA in different samples. The 2 -∆∆Cq is preferred by most researchers to absolute quantification because in most cases the required quantification is relative, and also saves the effort to generate standard curves as with the latter (Schmittgen and Livak, 2008) . The melting curve analysis (T m ) was used to confirm a single amplicon.
Summary of Gene expression analysis
Figure 2 gives a summary of the activities that were done for analysing gene expression of candidate genes identified in a previous GWAS study. Table 2 and 3 list the quantitative trait means for 164 (F 10 ) Sha x Col-0 RIL population grown under optimal and sub-optimal conditions respectively. The traits are shoot fresh and dry weight (SFW and SDW), Pi concentration (PCONC), Pi content (PCONT), Pi utilization efficiency (PUtE), sulphate and oxalate concentration. Table 4 depicts the means for Col-0 and Sha. The frequency distribution curves are shown in Figure 3 and 4. 
RESULTS
Descriptive statistics: RIL population
Symptoms of P-deficiency
Several recombinant inbred lines planted on sub-optimal Pi showed severe symptoms of Pdeficiency. These include, stunting, chlorosis, dark green leaves with purple petioles ( Figure  5 ). Plants that were grown on optimal Pi did not show any of these symptoms. Early flowering was also observed as a response to nutrient stress and is also shown in Figure 5 . Significant QTLs were mapped only on SFW, PCONC, sulphate and oxalate . There were no significant QTLs mapped for SDW, PCONT and PUtE. These traits had heritabilities of 65, 61, 50% (under optimal Pi) and 68, 55, 50% (under sub-optimal Pi) respectively. Appendix III and IV give details of the genetic and physical positions of all markers used. Linkage groups are symbolic of five A. thaliana chromosomes.
QTL detection using Interval mapping
Shoot fresh weight QTL was mapped using interval mapping (see Table 5 and Figure 6 ). The QTL was detected on linkage group 1 using data from sub-optimal Pi with a LOD score of 2.65 above the 2.5 threshold. This position explained 7.2% of the phenotypic variation with a narrow-sense heritability (h 2 ) of 71%. The C1_23381 genetic marker that mapped this QTL resides on chromosome 1 (23381469 bp). This SFW QTL contained several genes that suggests involvement in Pi homeostasis such as MYB DOMAIN PROTEIN 113 (MYB113) and 114 (MYB114), ROOT HAIR DEFECTIVE6 (RHD6) and a negative regulator of gibberellic acid responses (RGL1). MYB113 and MYB114 are transcription regulators in anthocyanin biosynthesis. RGL1 regulates transcription of superoxide dismutases that scavenge reactive oxygen species that accumulate in response to stress (TAIR website, AT1G66350). No significant QTLs were found on SFW data from optimal Pi. AFR19 (GWAS candidate) was found on a small peak at the beginning of chromosome 1 but the LOD score was considerably far from the threshold.
A QTL for phosphate concentration was found on linkage group 5 with a LOD score of 2.59, slightly above the threshold (Table 5 and Figure 6 ). This was found using data from optimal Pi conditions. C5_20318 mapped this QTL position which had an explained variance of 7.1%. The heritability of PCONC was 56% for both optimal and sub-optimal Pi. A small QTL peak (LOD score of 2.35) was observed on linkage group 3 mapping with data from sub-optimal Pi. Although this position is not above the threshold, this region mapped by C3_01901 marker is in proximity to IPS1 locus. More so GALACTINOL SYNTHASE 9 (GATL4) was found very close to C3_01901. However the association of IPS1 is thinly regarded as C3_02968 which is exactly at the IPS1 locus (3050989-3051530 bp) had a very weak LOD score of 0.62.
Sulphate concentration QTL was found on the same position for both optimal and suboptimal Pi. This QTL was mapped by C1_22181 as only the nearest marker with LOD scores of 2.93 and 8.92 for sub-optimal and optimal Pi conditions respectively. This position explained 7.9 and 22.3% of the total variation with heritability of 66 and 89% respectively. C1_23381, a marker next to C1_22181, was also found to be significantly associated with the QTL with LOD scores of 2.61 (sub-optimal Pi) and 8.03 (optimal Pi). The latter marker also mapped SFW as shown in Table 5 . A small QTL peak was also mapped by C3_20729 with a LOD score of 2.31. This marker is associated with SULFATE UTILIZATION EFFICIENCY 4 (SUE4), which is involved in response to sulphate starvation (Wu et al. 2010) . A QTL for oxalate was mapped by C5_05319 with 3.75 LOD score. The QTL explained 10.1% of the total variance with a highest heritability of 89%. c1_00593  c1_02212  c1_02992  c1_04176  c1_05593  c1_08385  c1_09782  c1_12295  c1_13869  c1_15634  c1_16875  c1_18433  c1_19478  c1_20384  c1_22181  c1_23381  c1_24795  c1_25698  c1_26993  c1_28454 c5_00576  c5_01587  c5_02900  c5_04011  c5_05319  c5_06820  c5_07442  c5_09082  c5_10428  c5_13614  c5_16368  c5_19316  c5_20318  c5_21319  c5_22415  c5_23116  c5_24997  c5_26671  LOD c1_00593  c1_02212  c1_02992  c1_04176  c1_05593  c1_08385  c1_09782  c1_12295  c1_13869 c1_15634  c1_16875  c1_18433  c1_19478  c1_20384  c1_22181  c1_23381  c1_24795  c1_25698  c1_26993  c1_28454 
QTL detection using Multiple QTL mapping (MQM)
MQM analysis detected an additional QTL for PCONC close to 2.5 LOD score as shown in Table 6 . This was achieved by using C5_20318 as a cofactor. This marker had the highest LOD score in mapping PCONC with interval mapping. Marking C5_20318 as a cofactor increased the LOD score of C5_20318 from 2.59 to 2.97 with an increased explained variance of 7.7%. Moreover the LOD score of C2_05588 improved from 1.93 to 2.32. C2_05588 is located on chromosome 2 (5587702 bp) and is the only nearest marker to GLYCEROL-3-PHOSPHATE PERMEASE 5 (G3PP5) a gene reported to be induced by Pi starvation (Ramaiah et al, 2011) . Figure 7 shows the QTLs that were found using MQM. 
Collocating QTLs for SFW
The QTL that had a LOD score of 2.65 had a peak demarcated by markers c1_18433 and c1_24795 (see Figure 6 ). The peak of this QTL collocated with a SNP of -log 10 (P-value) score of 4 (Figure 8 ). There were also two SNPs of -log10(P-value) of 3.8 and 3.63, close to the 4.0 threshold. Two genes that can be interesting for this study collocated with this QTL peak and these are 5'-ADENYLYLPHOSPHOSULFATE REDUCTASE (APSR) (AT1G62180) and GALACTINOL SYNTHASE 7 (AT1G60450) (Figure 8 ). There were also several genes towards the end of QTL peak (c1_24795) though highest SNP in this region had a -log10(P-value) score of 3.5. This region contain several genes such as RHD6, (AT1G66470), MYB90 (AT1G66390), MYB113 (AT1G66370), and RGL1 (AT1G66350). However these genes were not associated with SNPs of significant -log10(P-value) scores (Figure 8c ). 
Collocating QTL for PCONC
The small QTL peak of 2.35 LOD score mapped by C3_01901 collocated with GWAS with a SNP of -log10(P-value) score of 4. This SNP was found to be in the GATL4 locus ( Figure 9 ). One protein phosphatase (AT3G06270) also associated with this SNP. MGD3 was associated with a SNP of 3.7 score close to 4 threshold. G3PP5 was not associated with a SNP of significance. However, MGD3 and G3PP5 are relatively close to each other, separated by about 2000 kilo base pairs (Figure 9 ). UDP-sugar pyrophosphorylase (USP) was found in collocation with a SNP of -log10(P-value) score of 4. 
Collocating QTLs for Sulphate and Oxalate
The LOD scores of QTLs for sulphate and oxalate concentrations were relatively higher than for SFW and PCONC. However it was not possible to pin-point the exact QTL position as C1_22181 and C5_05319 were not associated with the QTL peak. However collocation was done using gene loci close to these markers. SNPs in these loci were not significant.
Co-expression analysis
Co-expression analysis using GeneMania (www. genemania.org) was done to check the simultaneous expression of genes, and may suggest the involvement of mapped QTLs in phosphate utilization efficiency.
MONOGALACTOSYL-DIACYLGLYCEROL SYNTHASE 3 (MGD3)
is highly co-expressed with several genes that are involved in Pi homeostasis (Figure 10 ). It is co-expressed with an acid phosphatase (AT1G67600), SPX DOMAIN GENE 3 (ATSPX3), phospholipase (PLDZETA2), SULFOQUINOVOSYLDIACYLGLYCEROL 1 and 2 (SQD1 and SQD2) that are involved in cellular response to Pi starvation (Liu et al. 2011; Morcuende et al. 2007; Misson et al. 2005) . ATSPX3 is involved in Pi ion transport and galactolipid biosynthesis (Liu et al. 2011) where as SQD1 and SQD2 in sulfo-, galacto-and glycolipid biosynthesis. These genes are expressed in shoots, suggesting role in phosphate utilization than in acquisition.
Other candidates such as GATL4, Pht1;4 and SULTR2;1 are highly co-expressed with other genes in their families (data not shown). For instance, Pht1;4 is co-expressed with other phosphate transporters such as Pht3;2, GATL4 with GATL7, SULTR2;1 with SULTR1;1. 
Determining Primer efficiency
As described in Materials and Methods, the primer efficiencies were determined using a cDNA supermix prepared by pooling 5 µl cDNA from each sample. Five microliters of the pooled cDNA was diluted with nuclease free water four times as follows: 10, 100, 1000 and 10000 times. Each dilution had four technical replications. However the 10 times dilution factor worked only for IPS1, Pht 1;4 and SULTR2;1 primers with efficiencies of 122% , 97.2% and 121.2% respectively (Fig 11) . ARF19, MYB111 and RHD6 primers were tested again using a lower dilution factor: undiluted, 2, 4, and 8 times. The efficiencies improved to 112.8%, 132% and 111.6% respectively (Figure 12 ).
a. b.
c. Given in Table 7 are non-normalized expression means in Cq values directly from the qPCR. UBQ10 is the reference and all comparisons are between Col-0 and Sha grown on both optimal and sub-optimal conditions. Comparisons are also between two different time points (21 and 28 days after sowing (DAS). Cq values are inversely proportional to the quantity of gene expression but to check for errors incurred during qPCR, the final result is only relative to the expression of UBQ10, hence normalized. Figure 13 shows the normalized expression ratios of GWAS candidate genes for PUtE calculated using the 2 -∆∆Cq method. The expression ratios are relative to Col-0 grown under optimal Pi, harvested at 21 days (calibrator sample), which is shown at the beginning of the x-axis in (Figure 13 ). The data presented are means of 2 -∆∆Cq of two biological replicates ± standard error. Figure 13 : Relative expression of IPS1, Pht1;4, SULTR2;1, ARF19, MYB111 and RHD6 in Col-0 and Sha grown on both optimal and sub-optimal Pi conditions. Expression is relative to Col grown on optimal Pi, harvested at 21 DAS. Data presented with error bars are means of 2 -∆∆Cq of two biological replicates ± standard error. Blue and yellow bars indicate optimal and sub-optimal Pi respectively. 21 and 28D are short for 21 and 28 days after sowing respectively. The difference in expression of IPS1 between Col-0 and Sha was smaller than the difference between optimal and sub-optimal Pi, with bars marked in blue and yellow respectively. This was observed across all time points. Col-0 and Sha accessions did not germinate in all replications, otherwise it would be more informative to see the trend of IPS1 expression at 14 DAS. There was a large amount of variation in the expression of IPS1. However the trend remained unchanged; in plants that were grown on sub-optimal Pi, IPS1 was expressed almost 10-fold and above (see Figure 12) . Data labels for expression ratios are given on bar tops. At 21 DAS, IPS1 was expressed more in Col-0 than in Sha and vice versa at 28 DAS. The expression pattern of Pht1;4 assumed the same trend as of IPS1. Pht1;4 was expressed almost 25-fold in Col-0 on sub-optimal Pi than the same accession on optimal Pi at 21 DAS. Sha on the same conditions showed 2-fold Pht1;4 expression than in the calibrator sample. Pht1;4 expression increased considerably in Sha on low Pi, attaining almost double the expression of Col-0 at 28 DAS. However both accessions showed higher expression of Pht1;4 on sub-optimal Pi than on optimal Pi. Plants grown on optimal Pi assumed more expression of SULTR2;1 than plants on suboptimal Pi. The trend remained unchanged across all time points. However the expression ratios of SULTR2;1 at 28 DAS (low Pi) are slightly larger than at 21 DAS considering the endpoint of the negative error bar on Col-0 28 DAS, sub-optimal Pi. ARF19 expression declined as plants grew from 21 DAS to 28 DAS. Although the difference in expression ratios were not large, plants grown on optimal Pi always had higher expression ratios than of those grown on sub-optimal Pi. At 28 DAS, Col-0 and Sha on sub-optimal Pi assumed about 150 percent less expression than Col-0 at 21 DAS. It is also shown in all cases, that Sha had higher levels of ARF19 transcripts than Col-0. MYB111 assumed no clear pattern between either accessions or time points. More so with a large error bar on Col-0 28 DAS for sub-optimal Pi, nothing much can be said on this gene. RHD6 was expressed more than 2.5 fold on sub-optimal Pi in both accessions, than optimal Pi at 21 DAS. However at 28 DAS the expression ratios declined. It is important to note that the Cq values of RHD6 were the lowest amoung all genes analysed.
DISCUSSION QTL Detection: SFW, SDW, PCONC, PCONT, PUtE, sulphate and oxalate concentration
Fewer than expected QTLs were mapped for all the phenotyped traits. This could have been caused by several factors. Firstly, quantitative traits are polygenic with each QTL contributing in small effect to the overall trait. High heritability is essential to efficiently map the QTLs and the heritabilities for this study are shown in Chapter 3. PUtE had the lowest heritability of 50% and might have resulted in failure to directly map the PUtE QTLs. However high heritability with few or no QTLs (for instance SDW), may indicate that many genes are involved in regulation of the trait, with each gene contributing a considerably small effect to the overall trait variation. More so the frequency distribution curve for PUtE under optimal Pi was not normal (see Figure 4) . I suppose that the formula for calculating PUtE needs more attention. The assumption that the amount of Pi measured in a gram of dry weight, is the amount that is being utilized to produce one gram of dry weight sounds improper. More focus should be channelled towards devising a method or formula to correctly measure PUtE, because when one calculates PUtE as 1/PCONC, then all the highly efficient genotypes become the less efficient ones. I feel that most of the genotypes that are regarded highly Piefficient today were defined based on phosphate acquisition efficiency (PAE), which somehow contradicts with the goal of this study. Although the difference between PAE and PUtE as determinants of PUE can be dissected, the difference seems to be small. For instance, QTLs that are found to be involved in PAE are also found in PUtE. Another reason that could have reduced the mapping resolution is of less replicates. Although four replicates were sown, only two replicates were phenotyped for QTL mapping. For PCONC measurements, the genotypes differed into which extend one could grind the leaves. For instance, genotypes that had mealy-type leaves, could be ground to fine powder but some were so plastic that fine powder could not be attained.
Several QTLs mapped for SFW, SDW and PCONC manifest involvement in phosphate utilization efficiency. These traits are indispensable as they explain to which extend a genotype is efficient in phosphate utilization. SFW and SDW are yield components and in any form of biotic or abiotic stress, the overall goal is to produce high yield. This enables extrapolation of the essence of the mapped QTLs to those of PUtE as described below:
The QTL mapped for SFW under sub-optimal Pi conditions was relatively large with so many genes. Although this QTL is for SFW, there are several genes that suggest a role in Pi homeostasis. RHD6, MYB113 and RGL1, were found towards the end of the QTL region. As described in Chapter 2, RHD6 is quite promising as it promotes root hair development. MYB113 and MYB114 are transcription factors in the anthocyanin biosynthetic pathway (Warner, unpublished data) and are indispensable as anthocyanin production is one of the signs of Pi deficiency. It is however not clear to me whether they are directly involved in regulation of MYB111, one of the GWAS candidates. RGL1, a negative regulator of gibberellic acid responses, is also interesting for this study as it is suggested to take part in reduction of reactive oxygen species (ROS) that are produced when plants are under stress. This is achieved by up-regulation of superoxide dismutases that scavenge the ROS. Superoxide dismutases were found to be up-regulated in Pi-starved Arabidopsis (Mission et al. 2005) . AFR19 was found in the small peak at the beginning of chromosome 1. Considering the insignificant LOD score, its role in phosphate utilization efficiency is inconclusive. 5'-adenylylphosphosulfate reductase (APSR) and GALACTINOL SYNTHASE 7 collocated with this SFW QTL. The former is involved in sulphate assimilation and is known to influence the variation of sulphate in shoots . GALACTINOL SYNTHASE 7 plays a role in carbohydrate metabolism by encoding galactinol which was reported to accumulate when plants are subjected to drought, salinity and cold-treatment stress (Taji et al. 2002) . Recently galactinol was reported to function as an osmoprotectant in the above mentioned abiotic stress conditions (Nishizawa et al. 2008) . The remaining question is whether these two genes are important for phosphate utilization efficiency and its correlation with other candidates. Mutation of these genes probably by Agrobacterium-mediated T-DNA gene knockout resulting in disruption of the coding DNA sequence may elaborate whether they are key players in phosphate utilization or not.
Several genes were found on chromosome 2, 3, and 5, on mapped QTLs for PCONC.
GALACTINOL SYNTHASE 9 (GATL4), IPS1, G3PP5, MGD3, UDP-SUGAR PYROPHOSPHORYLASE (USP). GATL4, IPS1, G3PP5, MGD3
have been reported in several studies to be involved in Pi homeostasis (Nishizawa et al. 2008; Ramaiah et al. 2011; Kobayashi et al. 2008; Misson et al. 2005) . GALT4 has similar function as GALACTINOL SYNTHASE 7 described above. G3PP5 is known to be involved in Pi transport (Ramaiah et al. 2011) . MGD3 has been shown to be upregulated when plants are subjected to Pi deficiency (Misson et al. 2005; Kobayashi et al. 2008; Li et al. 2006) . It is in involved in galactolipid metabolism suggesting the use of galactolipids in the interim, to replace phospholipids when Pi is insufficient. MGD3 suggests an important role in phosphate utilization efficiency because efficient genotypes may enable the up-regulation of these genes so as to synthesize non-phosphorus metabolites for use in lipid biosynthesis. More so MGD3 is expressed only in shoots and highly co-expressed with SQD1 and 2, ATSPX3 and PLDZETA2 that are induced in response to Pi starvation (Liu et al. 2011; Morcuende et al. 2007; Misson et al. 2005) . USP functions in nucleotide sugar metabolism as shown by Kotake et al. 2007 . However its direct involvement in phosphate utilisation efficiency is still unclear.
Gene expression analysis
The large difference in expression of IPS1 shown in Chapter 3 confirm the up-regulation of this gene in plants grown on sub-optimal Pi conditions. IPS1 is shown to be induced even under mild Pi stress following studies that showed IPS1 induction when plants are subjected to complete Pi starvation (Misson et al. 2005) . The clear-cut between expression ratios of optimal and sub-optimal Pi on Col-0 and Sha is suggesting that IPS1 is up-regulated when the plants signal Pi-limiting conditions. At 21 DAS, IPS1 is seen to have a large transcriptome already and further increases from 21 DAS to 28 DAS. Although no Col-0 and Sha samples harvested on 14 DAS, the trend suggests early involvement of this gene when Pi is limiting. IPS1 resides on chromosome 3, (3050989 -3051530 bp) and is within a small QTL peak mapped in Chapter 3. Although this region is not seen to be significantly associated with IPS1, its induction on sub-optimal Pi, suggests its influence on phosphate utilization efficiency. The induction of IPS1 may signals impending Pi stress conditions, and the subsequent metabolic changes prepare efficient genotypes for this predicament. Pht1;4 expression follow a similar expression trend as IPS1. Pht1;4 belongs to a Pht1 family of phosphate transporters, that are involved in phosphate ion transport. As phosphate is essential for plant growth, Pht1;4 remains essential even when Pi is adequate. However the gene seems to be up-regulated in Pi stress conditions. Shin et al. 2004 suggests the involvement of Pht1;4 in Pi acquisition as confirmed by high transcript levels in roots. Since no root tissues were analysed for Pht1;4, I suggests its role in remobilization of Pi from storage organs to growing tissues. In this regard, it could have been interesting to know whether Pht1;4 was expressed differently in leaves of different ages.
SULTR2
;1 assumed more expression in adequate Pi than in Pi limiting conditions. Recent studies have shown up-regulation of SULTR2;1 in Pi-starvation (Rouached et al. 2011; Misson et al. 2005) . These studies revealed the flux of sulphate from shoots to roots when Pi is limiting. However the expression of this gene in the shoot is not symbolic of sulphate stress (TAIR website, ATG10180). If sulphate cushions Pi when limiting, it sounds ideal to suggest that SULTR2;1 up-regulation in shoots has nothing to do with Pi-stress response. Analysis of SULTR2;1 expression pattern on both roots and shoots of Col-0 and Sha subjected to Pi limiting conditions may help to determine whether SULTR2;1 is actually down-regulated in shoots of plants subjected to P-stress. The differences between Col-0 and Sha in expression levels of ARF19 in all cases can be an indication of differences in nutrient stress perception between these accessions. Sha seems to have a higher ARF19 expression than Col-0. This tallies with its reported high PUE efficiency since ARF19 expression enable lateral root development. This further evidence the proposition that genotypes that are regarded as highly Pi efficient today were annotated only based on Pi acquisition efficiency. However ARF19 expression declined from 21 DAS to 28 DAS which contradicts with its induction under long term nutrient stress conditions. Unexpectedly plants grown on optimal Pi retain more ARF19 transcripts than on sub-optimal Pi.
MYB111 expression assumes no clear expression pattern and in this regard nothing can be deduced. In comparison to the calibrator sample, RHD6 was expressed more than 2.5-fold in Col-0 and Sha grown on sub-optimal than on optimal Pi conditions. This indicates the induction of RHD6 in promoting root hair development when Pi is limiting. Although RHD6 transcripts declined on 28 DAS, the large error bar on Sha 28 DAS (optimal Pi) suggests a similar trend of more RHD6 expression on sub-optimal than on optimal Pi. Nevertheless the transcriptome of RHD6 was the least amoung all gene analysed. Probably this is because RHD6 is involved in root hair development and could have been expressed more in roots. Considering the overall PUE, RHD6 remains an interesting candidate as it is centred on root development, the only medium for Pi acquisition.
CONCLUSIONS AND RECOMENDATIONS
PUtE is polygenic and dissecting its genetic basis is cumbersome. Although no QTLs were mapped directly on PUtE data, its manifestation in traits such as SFW, SDW and PCONC enables direct extrapolation of the essence of the mapped QTLs to those of PUtE. In this regard, several QTLs for SFW and PCONC mapped suggests involvement in phosphate utilization efficiency. Genome wide association mapping (GWAS) candidates such as IPS1, ARF19 and RHD6 were mapped, although the LOD scores were not convincingly high. Moreover several QTLs mapped in this study are also related to phosphate acquisition efficiency. Disrupting the functions of these QTLs help to confirm their involvement in phosphate utilization efficiency. Although the genetic basis of PAE and PUtE can be dissected, these two components of PUE seem to be strongly correlated. To efficiently determine PUtE, the 1/PCONC formula needs to be scrutinized.
IPS1 is induced even in mild Pi-stress conditions. It is important in PUtE since metabolic changes brought by its induction prepare highly Pi efficient genotypes to thrive under Pi deficient conditions. Pht1;4 is up-regulated in shoots on sub-optimal Pi conditions. It might be involved in Pi remobilization from storage organs to growing points. SULTR2;1 is down regulated in shoots in Pi-stress. Sha expresses ARF19 more than Col-0 and is still unclear whether MYB111 is directly involved in PUtE. RHD6 is slightly expressed in shoots. Physiological differences brought by differences in expression of these PUtE promising candidates is the missing link. 
APPENDICES
II. RNA extraction from Arabidopsis leaves with Qiagen ® RNeasy Plant Mini Kit
β-Mercaptoethanol (β-ME) must be added to Buffer RLT before use. For every 1 ml of Buffer RLT add, 10 µl of β-ME.
Buffer RPE is supplied as a concentrate. For the first time of use, add 4 volumes of 96-100% ethanol.
• Add 450 µl of Buffer RLT to a maximum of 100 mg tissue powder. Vortex vigorously.
Incubate for 3 minutes at 56 o C.
• Transfer the lysate to Qiashredder spin column (lilac) placed in a 2 ml collection tube, and centrifuge for 2 minutes at full speed.
• Carefully transfer the supernatant to a 2 ml tube without disturbing the pellet 
III. Linkage map: Genetic Positions
